been encouraging for selecting forage grasses with improved WUE (the amount of dry matter produced per
[Leymus angustus (Trin.) Pilger]. Read et al. (1991) significantly greater CID, averaging 20.37‰ compared with 19. 65‰ showed a similar negative relationship for crested for the tetraploid entry and CID was negatively associated with WUE.
wheatgrass grown under both well watered and drought
The more favorable plant water relations, gas exchange, and dry conditions. Ehleringer et al. (1990) , however, reported matter production under limited soil water suggests tetraploid populaa positive correlation between forage yield and CID in tions of Russian wildrye should be emphasized in future breeding crested wheatgrass.
and management programs.
The objectives of this study were to determine the gas exchange properties and their relationship to WUE and CID in field-grown diploid and tetraploid entries R ussian wildrye is a productive, cool-season bunchof Russian wildrye grown at two N and two water levels. grass that is used for seeding improved pastures in
The levels of N and water treatments were selected to the semiarid Northern Great Plains of the USA and provide a range of growing conditions similar to manCanada (Rogler and Schaaf, 1963) . It has high drought aged pastures. tolerance yet maintains high nutritive value for dormant grazing. Because water often limits forage production MATERIALS AND METHODS in this area, adequate seasonal precipitation and stored soil water are needed to sustain production of forage Diploid and tetraploid entries of Russian wildrye were grasses (Rogler and Haas, 1947; Smika et al., 1965;  seeded in plots consisting of eight rows (3.6-m length, 0.33-m row spacing) in a rain shelter (11 by 30 m) on 13 May 1992. Sneva, 1977) .
The seeding rate was 90 seeds m Ϫ1 row length, which is a Poor seedling vigor, often associated with stand estabtypical seeding rate for Russian wildrye. The tetraploid entry lishment failures, has prevented more widespread use consisted of a balanced composite of six populations and is of Russian wildrye (Lawrence, 1963) . Cultivar releases representative of tetraploid germplasm in the breeding proof diploid Russian wildrye with improved seedling vigor gram at Mandan. The diploid entry was the cultivar Vinall include Swift (Lawrence, 1979) , Bozoisky-Select (Asay (released in 1960) , a standard of comparison in many studies et al., 1985) , and Mankota (Berdahl et al., 1992) . Natural with Russian wildrye. The rain shelter automatically covered and derived tetraploids of Russian wildrye have considthe plot area during rainfall events from 1 April to 1 November erably better seedling vigor compared with diploid cultieach year. An overhead sprinkling system in the rain shelter was used to supply water for seedling establishment and imvars in both greenhouse (Lawrence et al., 1990 ; Berdahl pose water treatments after establishment. The soil was a and Barker, 1991; Jefferson, 1993; Asay et al., 1996) and 
Advances in understanding the relationship between
Four replicates of each entry were arranged in a split-plot WUE and CID (Farquhar and Richards, 1984) have design with repeated measures across years (1994, 1995, 1996) . Main plots were water treatments providing 50 and 150% of the long-term mean monthly precipitation for the April 38, 55, 85, 61, 43, 38, and 24 mm, in the Parshall soil, which has essentially uniform texture respectively. The appropriate quantity of water was applied throughout the profile. Water was applied weekly, and both equally on Wednesday and sometimes on Thursday of each Russian wildrye entries established a canopy early in the seaweek to achieve these monthly totals. The rain shelter was son. As a result, we assumed that any errors resulting from set to the open position from November through March each escaping neutrons were negligible. Total evapotranspiration year allowing the Russian wildrye to be exposed to winter was calculated as the sum of soil water lost to 1.2-m depth precipitation. Subplots were randomized within water treatbetween the two soil water measurements plus water applied ments and included entries and N fertilizer rates (NH 4 NO 3 ) by irrigation. Field-measured WUE, defined as the amount broadcast at 10 and 134 kg N ha Ϫ1 in April each year. The of dry matter produced per unit of water lost from the soil, two water and N treatments were established in 1993, and was calculated from evapotranspiration and forage dry matter measurements from various treatment plots were commenced determined at the final harvest. in 1994.
Plant development based on leaf exsertion was referenced Carbon exchange rate, gs, and T were measured with a to the Haun scale (Haun, 1973) , and development through portable photosynthesis unit (Model LCA-4, Analytical Deheading and seed formation stages was referenced to the Haun velopment Co., Hoddesdon, England). Measurements were scale as modified by Bauer et al. (1989) . Five plants per plot made on the leaf subtending the flag leaf, as the flag leaves were scored three times weekly. Forage dry matter was deterwere too small for cuvette measurements, on 11, 20, 25, and mined at five growth stages prior to plant maturity by clipping 31 May 1994; on 24, 31 May, and 5, 12 June 1995; and on 29 a 0.1-m 2 area in 1994 and 1995 and 0.15-m 2 area in 1996 from May, 5, 10, and 17 June 1996. Measurements were taken on each plot to a 2-cm stubble height. Dry weight of the clipped clear or nearly clear days starting at about 1300 h except on forage was determined after drying at 70ЊC to a constant days when water was applied. The cuvette conditions (air weight. Final forage yields for calculating WUE were taken temperature, relative humidity, and CO 2 concentration) were at seed dough stage (Haun stage 9.0) from a 0.2-m 2 area in set to ambient, and the leaf was exposed to a mean photosyn-1994, 1995, and 1996 . thetically active radiation level of 1975 mol m Ϫ2 s Ϫ1 . Three Statistical analysis was conducted by SAS proc mixed with leaves were measured separately for each treatment and replirepeated measures (Littell et al., 1996) . Mean differences were cation. Leaf water potentials were measured at 1300 h with determined by orthogonal contrasts with single-degree-ofthermocouple psychrometers on the same position leaf and freedom comparisons. Statistical significance is reported at same dates as CER, gs, and T. Leaves were removed from the the 0.05 level of probability unless stated otherwise. plant, immediately placed in the psychrometer, transported to the lab, and measured after vapor equilibrium in a constant
RESULTS AND DISCUSSION
temperature water bath at 25ЊC.
Carbon isotope discrimination was measured on the same ter stages corresponded to Haun stages 6 through 9
(anthesis). Leaves were placed in paper bags, stored on ice, (Bauer et al., 1989) . The rate of leaf exsertion on the transported to the laboratory, and dried at 70ЊC for 48 h. The stems was similar for both entries and was linearly redried leaves were ground twice to pass through a 0.64-mm screen with a Wiley mill (Arthur H. Thomas Co., Philadelphia, lated to accumulated growing degree-days (GDD) with PA). Analyses for CID determinations were made with a the diploid and tetraploid entries requiring 87 and 88 SIRA 10 isotope ratioing mass spectrometer (Fisons Instru-GDD per leaf, respectively. Both entries developed ments, Valencia, CA) by procedures previously described early and rapidly, and heading (Haun Stage 9) was com- (Johnson et al., 1990) . Results were expressed as the ratio of pleted by 10 June of each year.
13 C/ 12 C relative to PeeDee belemnite standard (PBD), and A significant entry ϫ water treatment ϫ Haun stage CID was calculated according to Farquhar et al. (1989) using interaction was present for dry matter production ( to lower dry matter production at the 10 kg N ha Ϫ1
Soil water potential was measured weekly using thermocoufertilizer rate (data not shown). This decrease may have ple psychrometers at the 45-cm depth to provide an indication been caused by either the extra water (150%) leaching of the soil water stress the plants were exposed to in each some N below the root zone or inadequate soil N (10 water treatment throughout the growing season. Soil water kg N ha Ϫ1 rate) to meet the needs of the tetraploid entry.
potentials were standardized to 25ЊC.
In the 150% water treatment, soil water potentials A small error in soil water content has been associated with neutron probe measurements from the soil surface to 0.15-m determined with thermocouple psychrometers at the 10 and 134 kg N ha Ϫ1 rates were similar for both the diploid and tetraploid entries (Fig. 2) . In the 50% water treatment at the 10 and 134 kg N ha Ϫ1 rate, the diploid entry extracted soil water to a lower soil water potential than the tetraploid entry. This greater soil water extraction did not result in greater dry matter production for the diploid compared with the tetraploid entry, which sug- were 0.6 and 0.3 MPa less negative for the tetraploid than diploid entry at the 50 and 150% water treatment, stage (Haun Stage 6) for the tetraploid entry at the 50% respectively, suggesting that the tetraploid entry mainwater treatment, N rate had no effect on CER within tained better plant water relations than the diploid enentries and water treatments. Averaged across Haun try. This difference coincides with the differences in soil stages the tetraploid entry was able to maintain higher water potential at the 50% water treatment (Fig. 2) and CER than the diploid entry at the more stressful 50% probably contributed to the significantly greater dry water treatment. The decrease in CER for both the 50 matter production for the tetraploid compared with the and 150% water treatments as Haun stage increased diploid entry at the 50% water treatment (Fig. 1) .
was probably due to leaf age effects (Dantuma, 1973) The entry ϫ N ϫ water ϫ Haun stage interaction and temperature and leaf water stress reducing stomawas significant for CER at both the 50% (Fig. 3) and tal conductance. 150% water treatment (Fig. 4) . The interaction for
The trends in T for both the diploid and tetraploid plants at the 50% water treatment was mainly due to entries were similar to CER responses for the 50% (Fig.  difference in CER between the N treatments with in-3) and 150% (Fig. 4) water treatments. The entry ϫ creasing Haun stage for both entries. Values for CER of the tetraploid entry at the 50% water treatment were m Ϫ2 s Ϫ1 ) entries (Fig. 4) . Except for the second Haun stages closely followed the pattern for T for both the N ϫ water ϫ Haun stage interaction was significant mainly due to changes in rate of T with advancing Haun 50% (Fig. 3) and 150% (Fig. 4) water treatments. The tetraploid entry at 50% water and 10 kg N ha Ϫ1 had stage. The trend at the 50% water treatment was for greater T in the tetraploid compared with the diploid significantly greater gs than the diploid entry at all but the first Haun stage. At the 50% water and 134 kg N entry. For the tetraploid entry, rates of T were generally greater at the 10 than 134 kg N ha Ϫ1 treatments, whereas ha Ϫ1 , the tetraploid entry had greater gs than the diploid entry at the final two Haun stages. Similar to the CER for the diploid entry T was not affected by N rate. In the 150% water treatment, there were no consistent and T rates, N did not affect gs for the diploid entry. For the 150% water treatment, differences in gs between differences in T between the diploid and tetraploid entries or among N rates. Overall, T differed significantly the tetraploid and diploid entries were significant at the third Haun stage for 10 kg N ha Ϫ1 and at the second between entries, averaging 5.2 and 6.0 mmol m Ϫ2 s
Ϫ1
for the diploid and tetraploid entries, respectively. and third Haun stage for 134 kg N ha Ϫ1 rate (Fig. 4) . Overall, gs differed significantly between entries, averThe entry ϫ N ϫ water ϫ Haun stage interaction was significant for gs, and the changes in gs across Haun aging 0.21 and 0.28 mol m Ϫ2 s Ϫ1 for the diploid and matter production was due to the tetraploid entry producing more dry matter than the diploid at the 50%, but not the 150% water treatment (Fig. 1) . This greater dry matter production in the tetraploid compared with the diploid entry under the drought condition created by the 50% water treatment suggests the tetraploid entry should provide for greater sustained production in the ever, the CER, T, gs, and LWP measurements at the 50% water treatment do provide evidence that the plant water relationships of the tetraploid entry should entetraploid entries, respectively.
hance dry matter production and perhaps drought tolLeaf CID values differed significantly between enerance. tries, water levels, and N rates; however, the difference Values of LWP in the 50% water treatment averaged in CID between entries was consistent across water lev-0.6 MPa less negative for the tetraploid than the diploid els and N rates. The diploid entry had a significantly entry, which probably resulted in greater tissue turgor greater CID, averaging 20.37‰ compared with 19.65‰ and growth. Asay et al. (1996) reported that tetraploid for the tetraploid entry. Carbon isotope discrimination entries of Russian wildrye had greater water content was significantly less at the 50% than 150% water treatthan diploid entries. Gas exchange parameters of CER, ment, averaging 19.81‰ and 20.21‰, respectively. In T, and gs were all greater for the tetraploid at the 50% contrast to reductions in LWP created by the 50% water water treatment (Fig. 3) , suggesting more efficient utilitreatment that resulted in a lower CID, reductions in plant N status created by the lower N rate of 10 kg N zation of the limited water available for processes that contribute to dry matter production. In the 150% water ha Ϫ1 resulted in a greater CID of 20.13‰ compared with 19.90‰ for plants grown at the 134 kg N ha Ϫ1 . Carbon treatment, however, the tetraploid entry did not produce more dry matter than the diploid entry, which isotope discrimination was not statistically different in 1994 (19.96‰) than 1995 (20.06‰) . A nonsignificant further suggests that the total plant water requirement for dry matter production of the tetraploid entry is probentry ϫ year interaction indicated that differences in CID between entries were consistent across years. Frank ably similar to that of the diploid entry. Although the weekly applications of water were the same for both and Berdahl (1999) previously reported that WUE was greater for tetraploid compared with diploid Russian entries, the watering regime may have favored the tetraploid entry compared with the diploid entry, because wildrye, especially at greater soil water deficits. In the present study, the slope of the regression of WUE on of apparent water conserving traits in the tetraploid entry, which resulted in greater plant tissue turgor and, CID was negative for both the diploid and tetraploid entries (Fig. 5) . Values of r 2 were 0.91 and 0.65 for thus, CER and gs. The difference in CID between the tetraploid the diploid and tetraploid entries, respectively, which suggests CID may be a reliable indicator of changes in (19.65‰) and the diploid (20.37‰) entries was 0.72‰, which is similar to the difference in CID values reported WUE in Russian wildrye. Simple correlation coefficients between CID and instantaneous WUE deterby Asay et al. (1996) between natural tetraploid accessions (17.2‰) of Russian wildrye and the cultivar Vinall mined from gas exchange measurements of CER/T, CER/gs, and atmospheric carbon dioxide concentration/ (18.1‰). The negative relationship between CID and WUE, also, was similar to that reported by Johnson et leaf intercellular carbon dioxide concentration (Ci/Ca) for the combined diploid and tetraploid entries were al. (1990) for crested wheatgrass and Altai wildrye and Read et al. (1993) for crested wheatgrass. On the basis near zero in contrast to a significant r of Ϫ0.66** for CID and field measured WUE (Table 2 ). Johnson et of these reported relationships, the tetraploid Russian wildrye entry utilizes water more efficiently than the al. (1990) reported WUE, determined on the basis of dry matter production, was significantly correlated with diploid entry for dry matter production. Carbon isotope discrimination is considered a season-CID in crested wheatgrass and Altai wildrye.
The entry ϫ water ϫ Haun stage interaction for dry long integrator of plant response to environmental
